The marine organic carbon content in sediments is a useful tool for reconstructing past productivity in the ocean. Bromine has been proposed as a useful proxy for marine organic carbon, since bromine is more concentrated in marine organic matter compared to terrestrial organic matter. Here, we present a high-resolution Quaternary record of marine organic carbon in the hemipelagic sediments of the Japan Sea obtained during Integrated Ocean Drilling Program (IODP) Expedition 346. We measured the bromine content in the sediments using an XRF core scanner (ITRAX). The total organic carbon content, total nitrogen, and stable carbon isotope values were also measured for discrete samples from the same sediments. The total organic carbon/total nitrogen ratio and the stable carbon isotope ratio of the total organic carbon are used to estimate the marine organic carbon content within the total organic carbon. The Br counts and marine organic carbon content show a high correlation, which we used to construct a calibration equation of the marine organic carbon content from the Br counts. Using the calibration equation, we reconstructed the changes in the marine organic carbon content during the Quaternary with a time resolution of~50 years using sediment cores from IODP Site U1424 in the east central Japan Sea. The method to estimate the marine organic carbon content from the Br counts measured by the XRF core scanner proposed in this paper will be a useful tool to reconstruct the organic carbon content with high resolution and high speed.
Introduction
Br as a potential proxy of marine organic carbon Br (Bromine) is one of the major elements in seawater. The concentration of Br in seawater is 6.7 × 10 7 ng/L (0.84 mM), which is the eighth highest in seawater (National Astronomical Observatory of Japan 2016). The seawater/crust concentration ratio of Br is second highest next to Cl (The Geochemical Society of Japan 2012). The average residence time of Br in seawater is 100 × 10 6 years (Gamo 2014) . The vertical profiles of the Br concentration in the water column are flat, and Br is thus classified as a conservative element in seawater (Nozaki 1992 ; National Astronomical Observatory of Japan 2016). However, a recent study on the biogeochemical cycling of Br casts doubt on the classification of Br as a conservative element (Leri et al. 2010) .
Br is known to be present in organic materials of both marine and terrestrial origin in the form of organobromine compounds (Leri et al. 2010) . More than 1600 naturally occurring organobromine compounds, such as bromoalkanes, bromopyrroles, and bromophenols have been identified, and many of them are of marine origin (Gribble 2000) . It is known that some microalgae and heterotrophic organisms produce brominated organic compounds (Gribble 1998) . Bromoperoxidase enzymes, which catalyze the formation of organobromine compounds, have been found in organisms such as marine algae (red, green, and brown), bacteria, and a marine annelid (Gribble 2000) . However, the structures and identities of the organobromine compounds in the deep marine sediments have not been well characterized (Berg and Solomon 2016) .
In the Japan Sea, Masuzawa et al. (1988) measured the Br concentrations of zooplankton and found that Br is 3 to 20 times more concentrated in zooplankton compared to seawater. Therefore, Br is expected to be concentrated in the Japan Sea sediments, especially in those with high concentrations of marine organic matter.
As a result of the formation of organobromine compounds by biobromination, good correlations between the bromine content and total organic carbon (TOC) content are reported for estuarine and marine sediments (Ziegler et al. 2008; Leri et al. 2010) . Since the Br concentration in seawater (0.84 mM) is higher than that in terrestrial water (National Astronomical Observatory of Japan 2016), the Br content in marine organic matter is higher than that in terrestrial organic matter (Berg and Solomon 2016) . The reported average Br/TOC molar ratio for marine organic matter is 0.9-1.8 × 10 −3 , while that for terrestrial organic matter is 0.06-0.3 × 10 −3 (Berg and Solomon 2016; Mayer et al. 2007 ; Leri et al. 2010) .
Owing to the large difference in Br/TOC ratios between marine and terrestrial organic matter, Br/TOC ratios have been used as a proxy to distinguish organic matter of marine and terrestrial origin in estuary sediments (Mayer et al. 1981 (Mayer et al. , 2007 Malcolm and Price 1984) . Additionally, based on the high correlation between Br and TOC, Br is used as a proxy for TOC in deep sea sediments (Ziegler et al. 2008 (Ziegler et al. , 2010 . Ziegler et al. (2008) established a method to estimate the TOC content from Br profiles measured by an X-ray fluorescence (XRF) core scanner, using sediments from the Arabian Sea and a Mediterranean brine basin. They showed the usefulness of the XRF core scanner to measure the variability of Br and estimate the TOC with high speed and high resolution. They also pointed out that a calibration for each XRF core scanner is necessary when applying their method because the peak area counts of elements are sensitive to the XRF core scanner settings. They also suggest the possibility of estimating the marine organic carbon (MOC) content from the Br counts by removing samples where the δ 13 C values are less than − 20‰ (the typical value for marine organic carbon) to improve the correlation between the Br counts and the TOC contents of Arabian Sea sediments. However, the relationship between the Br and MOC content has not been evaluated.
XRF core scanner for high-resolution measurement
In recent decades, XRF core scanners have become intensively used for the analysis of sediment cores in many academic fields including paleoceanographic studies (Rothwell and Croudace 2015a) . The advantages of the XRF core scanner are its nondestructive measurements, high speed, and high resolution.
In previous studies, the measurement results of XRF core scanners have generally been expressed as downcore profiles of the element peak area count calculated from XRF spectra. Rarely have these peak counts been converted to the concentration of an element in sediments (Rothwell and Croudace 2015b, and references therein) . This fact is because measurement by an XRF core scanner is a nondestructive method that can analyze half-round cores or u-channels directly; thus, the result is easily affected by the sediment surface condition or water content of the sediments (Croudace et al. 2006; Kido et al. 2006; Weltje and Tjallingii 2008; Weltje et al. 2015) . Therefore, the data processing is more complicated even though the measurement itself is simple and easy. Some studies have made efforts to construct calibration equations to calculate the concentrations of elements from their peak area counts, but these efforts have had limited success, and XRF core scanner measurements are generally used in a qualitative way.
The ITRAX XRF core scanner is one of the most popular XRF core scanners and is manufactured and sold by COX Analytical Systems (Croudace et al. 2006; Rothwell and Croudace 2015a) . Owing to the flat-beam techniques developed for the ITRAX core scanner, it has advantages for high-resolution measurement, with a highest resolution of 0.2 mm. Since XRF measurements using the ITRAX are conducted under the ordinary atmospheric environment, elements lighter than Al cannot be measured because the absorption effect of X-rays by air is more significant for the lighter elements. Although the organic carbon content in sediments is important for many paleoceanographic studies, the organic carbon cannot be measured by XRF core scanners.
Aim of this study
In this study, the TOC, total nitrogen (TN), and organic matter δ 13 C of selected discrete samples taken from IODP Expedition 346 Site U1424 are measured and compared with the Br counts measured by the ITRAX XRF core scanner to evaluate the possibility of estimating MOC contents from Br counts in the Japan Sea sediment. Based on the results obtained, the downcore organic carbon variability in the Japan Sea sediments will Seki et al. Progress in Earth and Planetary Science (2019) 
Oceanographic settings

Oceanographic and geological settings
The Japan Sea is a semiclosed marginal sea located along the northwest margin of the Pacific Ocean. The sea is connected with the surrounding seas through four shallow channels, the Tsushima Strait (sill depth~130 m), the Tsugaru Strait (sill depth~130 m), the Soya Strait (sill depth~55 m), and the Mamiya (Tatar) Strait (sill depth~15 m) (Fig. 1) . The average depth of the Japan Sea is more than 1600 m, with a maximum depth of more than 3700 m (National Astronomical Observatory of Japan 2016). The Japan Sea is composed of three basins, the Japan Basin (~3800 m), Yamato Basin (~3000 m), and Tsushima (Ulleung) Basin (~2600 m), divided by the Yamato Rise (Gamo 2016 ; Fig. 1 ). At present, the Tsushima Warm Current (TWC) is the only current flowing into the Japan Sea through the Tsushima Strait. The TWC is composed of two components, the Kuroshio Warm Current (KWC) and the Taiwan Warm Current (TWWC). The TWC originates from the KWC that flows into the Japan Sea through the southern channel, whereas the TWC originates from the TWWC flows into the Japan Sea through the northern channel of the Tsushima Strait. The TWWC flows from the South China Sea into the East China Sea (ECS), and then flows northeastward on the ECS shelf where it is mixed with river water supplied from the continent to become lower in salinity and higher in nutrients compared to the KWC flowing northeastward in the Okinawa Trough. Therefore, the surface water salinity in the Japan Sea is easily influenced by the salinity of the TWWC, which, in turn, is affected by the fresh water flux from the continent (Yanagi 2002) , and the relative contributions of the TWWC and the KWC to the influx into the Japan Sea. The modern Japan Sea produces its own deep water called the Japan Sea Proper Water (JSPW), which is characterized by a low potential temperature of 0-1°C and high oxygen content (200-300 μmol/kg) throughout the deeper (> 200 m) part of the Japan Sea Gamo 2016) . The dissolved oxygen levels in the Japan Sea deep water are more than 200 μmol/kg in all three basins, and this value is higher than that in the Northwestern Pacific at the same latitude (1 50 μmol kg −1 ) . The potential temperature deeper than 2000-2500 m is uniform in all three basins with < 0.001°C fluctuations, suggesting active vertical convection in the deep water (Gamo and Horibe 1983; Gamo et al. 2014) . The current that flows along the western margin of the Japan Sea is cooled by the winter monsoon wind and the JSPW is formed especially in the area off Vladivostok where strong northwesterly winter monsoon winds are focused because of a topographic effect due to a mountain gap.
Since the sill depths of the modern straits are shallow (< 130 m) and the tectonic influences are minimal, especially in the Tsushima Strait (Itaki 2016 ), sea level changes should be the major factor that controls the paleoceanographic conditions of the Japan Sea during the Quaternary (Tada et al. 1999) . During the Last Glacial Maximum (LGM), when the sea level dropped to around − 120 m, the surface water inflow from the Tsushima Strait dramatically decreased, and the sea became a closed system (Tada et al. 1999) . The surface water salinity in the sea also decreased due to the excess precipitation plus fresh water inflow from the surrounding rivers over evaporation (Matsui et al. 1998) . Consequently, the sea became stratified and the deep water became euxinic because the production of the dense deep water was reduced due to the low-salinity surface water (Tada et al. 1999) .
The Japan Sea is also characterized by its low nutrient content (Yanagi 2002; Tada 2012) . In the modern Japan Sea, the phosphorus content in the JSPW is low (2.3 μM), and the residence times of phosphorus and nitrogen are short (2.2 years and 1.6 years in the uppermost 200 m, respectively) (Yanagi 2002 , Tada 2012 . The phosphorous budget in the Japan Sea reveals that the phosphorus input from the ECS through the Tsushima Strait is by far the dominant source (Yanagi 2002) . However, 90% of the phosphorus flowing into the sea via the Tsushima Strait flows out from the Tsugaru Strait in the modern Japan Sea because the subsurface water, which has a higher nutrient content than the surface water, flows out from the Tsugaru Strait, whose sill depth (1 30 m) is deeper than the thermocline (Tada 2012 ). Thus, the nutrient budget in the Japan Sea is also thought to have been affected significantly by changes in the sill depth controlled by sea level changes (Tada 2012) .
Study site
In the summer of 2013, the Integrated Ocean Drilling Program (IODP) Expedition 346 "Asian Monsoon" drilled hemipelagic sediments at seven sites in the Japan Sea (Tada et al. 2015a) . Among the seven sites, sediments recovered from Site U1424 (water depth 2808 m) are selected for this study.
Site U1424 is located~150 km to the west of northern Honshu Island and~200 km to the southwest of the Tsugaru Strait (40°11.40′ N, 138°13.90′ E), close to the boundary of the Japan Basin and Yamato Basin, with a water depth of 2808 m ( Fig. 1 ; Tada et al. 2015c) .
The hemipelagic sediments of the Japan Sea are known to have distinct alternations of dark and light layers (e.g., Tada et al. 1999; Tada 2004) . During IODP Expedition 346, these dark and light layers were recovered at six sites in the Japan Sea at water depths deeper than 900 m (Tada et al. 2015a ). The deposition of dark and light layers started at approximately 2.6 Ma (million years ago) and became increasingly distinct at approximately 1.45 Ma (Tada et al. 2015a; Tada et al. 2018) . Distinct dark layers have been correlated among the six sites , and their deposition was synchronous basinwide, suggesting that the Japan Sea has been acting as a single system responding to climatic-oceanographic change in climatic-tectonic coupling in Asia throughout the Quaternary (e.g., : Clift 2017 .
Three holes were drilled at Site U1424 to recover a continuous sequence of sediments. The sediments back to 5 Ma were continuously recovered. These mainly consist of clay and diatom ooze, with a minor component of volcaniclastic materials (Tada et al. 2015c) .
Splice intervals were defined onboard, and a continuous composite column made of each splice interval was constructed. The depth scale of this composite column is expressed as "CCSF-D (m)" (Tada et al. 2015b ). The splice intervals were further revised after the cruise and the new depth scale for U1424 is called "U1424_ CCSF-D_Patched_rev20170308 (m)" . The difference between the shipboard depth scale (CCSF-D) and the new depth scale is less than 1.5 m throughout the splice . The new depth scale is employed in this study unless otherwise noted. The thickness of the Quaternary sediment is approximately 90 m based on the shipboard age model (Tada et al. 2015c) and~83 m based on the revised age model described below . Since this site is at the same location as Ocean Drilling Program (ODP) Site 794, the sediment sequence was correlated with ODP Site 794 cores .
One reason to choose Site U1424 is because no sediment disturbance (such as slumps) or hiatus is observed at this site (Tada et al. 2015c ). In addition, the color alternations of dark and light layers are distinct at this site compared to sites drilled from shallower water depths (such as Site U1426 drilled at 903 m; Tada et al. 2015a; Irino et al. 2018) . Another reason to choose Site U1424 is that a high-precision and high-resolution age model has been constructed at this site ( Fig. 2 ; Tada et al. 2018) .
In the Japan Sea hemipelagic sediments, especially the sediments deposited at a deep-water depth with alternations of dark and light layers, foraminifer shells are not continuously found from all horizons (Tada et al. 2015c) . Thus, it is difficult to construct a δ 18 O stratigraphy of foraminifer shells for the Japan Sea hemipelagic sediments. Tada et al. (2018) constructed a "LR04-tuned age model" for Site U1424 by tuning the gamma ray attenuation (GRA) bulk density of the Site U1424 composite section to the LR04 δ 18 O stack (Lisiecki and Raymo 2005) because the diatom content, which is the major reason for the density changes in the Japan Sea sediments, has been changing in association with glacial-interglacial cycles (Tada et al. 1999) . Since their age model has a higher resolution and reliability covering the entire Quaternary compared to the shipboard age model, their age model (Fig. 2) is employed in this study.
Methods/Experimental
TOC, TN, and δ
C measurements
Discrete samples of U1424 cores were subsampled from working halves in August 2016 (Table 1) . Since the TOC content is different in the dark and light layers (Tada et al. 1999) , every sample was obtained from the middle of either a dark or light layer and represents a 1-cm stratigraphic interval. Although tephra layers sometimes occur at Site U1424, no discrete sample contained visual tephra identified from the shipboard visual core description (VCD) and core photographs. In total, 23 samples were used in this study (Table 1) .
The discrete samples were dried at 50°C for more than 3 days and were gently ground to powder using an agate mortar. Then, 5-to 50-mg powdered samples were weighed in an Ag cup (dimensions: φ5, 9 mm) and treated with 100 μl of 3 M HCl for 3 days at room temperature to remove carbonate carbon. During the HCl treatment, the samples were stored in the Ag cups inside a desiccator with NaOH and P 2 O 5 to remove HCl and H 2 O. After the HCl treatment, each Ag cup was enfolded by a Sn cup (dimensions: φ9, 10 mm) and stored in a desiccator until the measurement of the TOC, TN, and δ 13 C. To estimate any carbon contamination from the HCl, blank Ag cups with HCl treatment that were enfolded by Sn cups were also prepared.
The TOC, TN, and δ 13 C of the samples were measured by an elemental analyzer (Flash EA 1112) coupled to a ConFlo III and a Thermo Finnigan DeltaPlus Advantage isotope ratio mass spectrometer at the Center for Advanced Marine Core Research, Kochi University. Sulfanilamide was used as a standard for the TOC and TN measurements, and its analytical error (σ) was within 0.03 wt% for both TOC and TN. L-Alanine (δ 13 C = 19.6‰ ± 0.2) was used as a standard for the δ 13 C measurement, and its analytical error (σ) is 0.89‰. Br measurement using XRF core scanner (ITRAX)
Archive halves of the U1424 cores from the Quaternary intervals were measured by ITRAX, using a Mo X-ray tube with settings of 30 kV, 55 mA, a 2-mm step size, and a 10-s measurement time. Outliers in the ITRAX analytical results due to core surface disturbances (such as cracks) were eliminated after the measurement. Before the sample measurement, five repeated measurements were conducted using standard samples to evaluate the analytical precision of the measurement (Seki 2017) ; the analytical precision of five times repeated measurement for Br was determined to be 2.1*√N (N: peak area counts; Seki 2017). To check the relationship between the Br counts and Br concentration, standard reference materials (Additional file 1: Table S1) were measured by ITRAX (Seki 2017) . Since the concentration of Br in the standard reference material is not sufficiently high, KBr was added to standard reference materials and these KBr-supplemented standard reference materials were also measured by ITRAX (Seki 2017) . Based on the measurement, the Br counts show a high correlation with the Br concentrations within a range between 0 and 500 ppm (Additional file 2: Figure S1 ; Seki 2017). Thus, the Br counts can be used as a semiquantitative measure of the Br concentration in the sediments. Br counts measured on exactly the same stratigraphic intervals as the discrete samples used for the TOC, TN, and δ 13 C measurements (Table 1) were used for comparison with the TOC, TN, and δ 13 C results. Since discrete samples represent 1-cm intervals and the step size of the ITRAX measurement was 2 mm, the ITRAX results from five adjacent measurements for the same stratigraphic intervals as the discrete samples were averaged (Table 1) .
Results and discussion
Results of TOC, TN, and δ Table 1 shows the results of the TOC, TN, and δ 13 C measurements for discrete samples from Site U1424. In general, the TOC is high (typically 1-6%) in dark layers and low (< 1%) in light layers (Table 1) . The TN values ranged between 0.06 and 0.4% (Table 1) , and the stable carbon isotope values ranged between − 20 and − 28‰ (Table 1) .
C measurements
It is known that the terrestrial organic matter and marine organic matter have different TOC/total organic nitrogen (TON) ratios (Lamb et al. 2006) . Therefore, the TOC/TON ratio is commonly used to estimate the relative contributions of terrestrial and marine organic matter in sediments (Lamb et al. 2006) . However, many paleoceanographic studies use the TOC/TN ratio instead of the TOC/TON ratio to evaluate the relative contributions because the analysis of the TN is much easier than the TON measurement (Schubert and Calvert 2001) . In the Arctic Ocean, Schubert and Calvert (2001) demonstrated that a significant amount of inorganic nitrogen binds to clay minerals (especially illite) and is contained in the total nitrogen values. According to their results, inorganic nitrogen significantly affects the TOC/TN ratios (Schubert and Calvert 2001) . Since the Japan Sea sediments contain significant amounts of clay, including illite (Irino and Tada 2000; Tada et al. 2015c) , we investigated the possible influence of inorganic nitrogen on the TOC/TN ratio. Figure 3 shows the relationship between the TOC/TN ratio and the TOC. The TOC/TN ratio increases with the TOC, but the rate of increase gradually decreases. This relation can be explained by the presence of inorganic nitrogen binding to clay minerals. Schubert and Calvert (2001) calculated that the inorganic nitrogen content in the sediments of the central Arctic Ocean is 0.035%, based on TON and inorganic nitrogen content measurements in sediments taken from the central Arctic Ocean. Since the reported illite contents in the Japan Sea sediment (~14-20%; Irino and Tada 2000) are comparable to those of the central Arctic Ocean sediments (~20%, Schubert and Calvert 2001), we assumed an inorganic nitrogen content in the sediment of 0.035% (the same amount as in the central Arctic Ocean) for the Japan Sea sediment used in this study. Based on this assumption, theoretical TOC/TN ratios were calculated and are shown in Fig. 3 . Figure 3 reveals that the TOC/TON ratio of the U1424 samples analyzed in this study is between 9 and 16 when the correction for the inorganic nitrogen content (estimated as 0.035%) is made. The calculated TOC/(TN-0.035) ratios have no dependency on the TOC, suggesting that the assumed content of inorganic nitrogen of 0.035% is reasonable for the U1424 samples.
The C/N ratio and δ
13
C are both used as parameters to evaluate the relative ratio of marine versus terrestrial organic matter because the two parameters show distinctly different values for marine and terrestrial organic matter. Marine organic matter has a lower C/N ratio and higher δ 13 C compared to terrestrial organic carbon (Lamb et al. 2006) . The TOC/(TN-0.035) ratio and δ
C obtained in this study show a high correlation of r 2 = 0.64 (Fig. 4) , with samples with a lower C/N ratio having higher δ 13 C values. This result suggests that the organic matter in the Japan Sea sediments is a mixture of marine and terrestrial organic matter. These results suggest that both the TOC/ (TN-0.035) ratio and δ 13 C in the Japan Sea sediment are good proxies to distinguish marine from terrestrial organic matter. In this study, we use δ 13 C to calculate the percentages of marine and terrestrial organic carbon, because δ 13 C is more reliable than the TOC/(TN-0.035) ratio, which has uncertainty in the inorganic nitrogen estimate. We assume that the δ 13 C of marine organic carbon is − 20‰, and that of terrestrial organic carbon is − 27‰ (Minoura et al. 1997; Ikehara et al. 2009 ). Then, the MOC can be calculated as follows (Eq. 1), where "marine organic carbon fraction" means the percentage of marine organic carbon within the total organic carbon.
Correlation between Br and marine organic carbon
The relationship between the Br and TOC is shown in the cross-plot of Br and TOC in Fig. 5 . It shows a high correlation (R 2 = 0.69) and a y-intercept of 739 (Br counts) (Fig. 5) .
Since wet archive halves of cores were used for the ITRAX measurement, the Br counts include the Br in the interstitial water. As bromine does not accumulate in solution as dissolved organobromine compounds (Berg and Solomon 2016) , the Br in organic matter and Br in the interstitial water should behave independently. The Br concentration in the interstitial water is reported from a shipboard analysis as being 0.91-1.05 (± 0.03) mM for the uppermost 10 m of U1424 (Tada et al. 2015b (Tada et al. , 2015c . Using water contents measured onboard (Tada et al. 2015c) and the relationship between the Br counts and concentration, the contribution of the Br in the interstitial water to the total Br counts of the wet archive halves is estimated as being between 470 and 880 counts (minimum and maximum estimates). Thus, the intercept of the Br counts in Fig. 5 (739 counts) is interpreted as representing the background Br in the interstitial water.
Since the Br is mainly contained in the MOC, the relation between the Br and MOC (calculated from TOC and δ 13 C) is further examined. Figure 6 shows a cross-plot of Br and MOC calculated from Eq. 1. For U1424, the Br counts show a better correlation with the MOC (R 2 = 0.85) compared to the TOC (R 2 = 0.69) (Figs. 5 and 6 ). Since the Br is mainly contained in the MOC, the calibration equation obtained from Fig. 6 is used to estimate the MOC content from the Br counts in this study.
Br counts
Since the analytical error of Br is small (less than 150 counts when the peak area count is less than 5000 counts), the error of this equation mainly comes from deviations from the regression curve in Fig. 6 . The estimated error of the MOC calculation is approximately 0.5% (Fig. 6 ). It should be noted that Eqs. 2 and 3 are based on the assumption that the Br in terrestrial organic matter is negligible because the Br/TOC ratio is much lower in terrestrial organic matter (0.06-0.3 × 10 −3
) compared with marine organic matter (0.9-1.8 × 10 −3
) (Berg and Solomon 2016; Mayer et al. 2007; Leri et al. 2010) . Since analytical data on Br/MOC ratios in marine organic matter for individual seas are not available, the applicability of the equations for the MOC calculation (Eqs. 2 and 3) for sediments from other seas (such as the open ocean) should be checked in the future. Even given the limitations described above, this method to estimate the MOC content by the high-resolution, high-speed, and nondestructive measurement of Br using ITRAX is a useful tool for paleoceanographic studies.
MOC variability in the Japan Sea during the Quaternary
Using Eq. 3, high-resolution temporal variations of the MOC during the Quaternary were reconstructed for Site U1424 from the Br counts measured by ITRAX ( Fig. 7 ; Additional file 3 and Additional file 4: Table Fig. 6 Cross-plot of Br counts by XRF core scanner and MOC calculated from TOC and δ 13 C in this study Fig. 7 ; Additional file 3), which corresponds to the last 1.5 Myr ( Fig. 2 ; Tada et al. 2018 ). Below 50 m (before 1.5 Ma), dark layers are rare, and thus the low-MOC layers prevail ( Fig. 7 ; Additional file 3). The reconstructed MOC shows cm-scale variability associated with the dark layers ( Fig. 7 ; Additional file 3), which correspond to millennial-scale variability ( Fig. 2 ; Tada et al. 2018) . These millennial-scale variations are more distinct during the last 1.5 Myr (uppermost 50 m ( Fig. 7 ; Additional file 3). The MOC in the sediments reflects the surface productivity, degradation of marine organic matter within the water column and during early burial, and dilution by terrigenous and biogenic materials. Thus, the reconstructed MOC enables us to discuss possible oceanic condition changes. In the glacial period during the last 200 kyr, a millennial-scale variation in the TOC was reported (Tada et al. 1999 ). This millennial-scale alternation of dark and light layers in the Japan Sea sediments was proposed to reflect the East Asian summer monsoon (EASM) variability associated with Dansgaard-Oeschger cycles (Tada et al. 1999; Tada 2004) . Tada et al. (1999) proposed a hypothesis on dark and light layer deposition. Namely, when the EASM became stronger during interstadials, more nutrients was provided to the Japan Sea via the Tsushima Strait, and the surface productivity in the Japan Sea was enhanced. The reconstructed MOC variability revealed that millennial-scale variability occurred not only during the last 200 kyr but also during most of the glacial periods during the last 1.5 Ma. This suggests the occurrence of climate perturbations such as Dansgaard-Oeschger cycles in the earlier period. Since exploring the relationship between the Asian monsoon and the oceanography of the Japan Sea is important (Tada and Murray 2016) , the detailed mechanism and onset timing of the millennial-scale variability of the MOC should be addressed in the future.
As described above, MOC values tend to be high (> 1%) in the dark layers throughout the sequence ( Fig. 7 ; Additional file 3). However, there are some exceptions to the relationship between the lightness (L*) of the sediment and the MOC content. For example, the dark layers in the intervals of 5.9-6.1 m and 6.3-6.6 m are of a dark color (low L* value) but are low in MOC content ( Fig. 7 ; Additional file 3). These layers were deposited during marine isotope stage (MIS) 6, when the eustatic sea level was more than~100 m lower than it is today . Similar trends are obvious in the layers deposited during MIS 2, 10, 12, and 16 ( Fig. 7 ; Additional file 3). These layers have high concentrations of pyrite and are considered to have been deposited under euxinic deep-water conditions (Tada et al. 1999; Kido et al. 2007) . From the results of the δ 13 C of organic carbon (sample No. 4, 6, 7, 8, 19, 21, and 22 in Table 1 ), these layers are also characterized by high terrestrial/marine organic matter ratios. Since organic matter is the main cause of the dark color in the Japan Sea sediments (Tada et al. 1992) , L* has been used to estimate the TOC content in the Japan Sea because it is easy to measure compared to the conventional TOC measurement methods (Kido et al. 2007 ). Thus, the Br counts have an advantage over L* as a parameter to reconstruct the paleoproductivity. On the other hand, it may be possible to estimate the fraction of terrestrial organic carbon within the TOC using a combination of L* and Br counts, which will be tested in the future.
From the results of this study, it is clear that MOC estimation from Br counts measured by ITRAX has a high potential to reconstruct the paleoproductivity with high resolution and high speed and in a nondestructive way, which allows us to examine past marine productivity, the carbon cycle in the ocean, and oceanographic changes.
Conclusions
In this paper, a method to estimate the MOC content from Br as measured by an XRF core scanner is described. For establishing the method, the TOC, TN, and δ 13 C were measured on discrete sediment samples. The TOC/TN ratio, which is usually used to distinguish marine organic matter from terrestrial organic matter, is significantly influenced by inorganic nitrogen bound to clay minerals. The inorganic nitrogen content of the sediment is assumed to be a constant 0.035% based on a previously reported value for sediments from the Arctic Ocean (Schubert and Calvert 2001) . Both the TOC/ (TN-0.035) ratio and δ 13 C of the Quaternary Japan Sea sediments suggest a wide range of mixing of terrestrial and marine organic matter. The δ 13 C of the organic matter is used to calculate the marine organic carbon fraction, because δ 13 C is more reliable than the TOC/ (TN-0.035) ratio because the latter contains uncertainty in the inorganic nitrogen content assumption. Then, the MOC is calculated from the TOC and the marine organic carbon fraction, which is calculated from the δ 13 C value, and the calculated MOC is compared with the Br counts. A high positive correlation is found between the MOC and Br counts, and a calibration equation to estimate the MOC from the Br counts is obtained. To demonstrate the usefulness of the equation, it is applied to the Quaternary sediments of the Japan Sea. The MOC variability was reconstructed for the entire Quaternary sediment sequence at IODP Site U1424. The reconstructed MOC record reveals that millennial-scale variations exist since 1.5 Ma. Since the millennial-scale variations reflect climate perturbations similar to Dansgaard-Oeschger cycles, the reconstructed MOC may provide useful information to investigate past climate and oceanographic changes. L* is commonly used as a proxy for the TOC and used to semiquantitatively estimate the surface productivity. However, the TOC sometimes contains nonnegligible amounts of terrestrial organic carbon, the effect of which should be corrected to estimate the surface productivity. Consequently, Br counts are superior to L* if one wants to obtain more quantitative information on the surface productivity. Therefore, the MOC estimation from Br counts measured by ITRAX has a high potential to reconstruct the paleoproductivity with high resolution and high speed and in a nondestructive way.
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